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Provisional Pat. App. Ser. No. 60/272,873, filed on March 2, 2001, and entitled 
"Embedded Ferromagnetic Particle Detection Apparatus and Method"; and U. S. 
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STATEMENT REGARDING FEDERALLY SPONSORED 
RESEARCH OR DEVELOPMENT 
The U. S. Government has a paid-up license in this invention as provided for by 
the terms of Grant Nos. 1 R43 EY1 1570-01 and 2 R44 EY11570-02A1, and Contract 
5 Nos. N43-DK-7-2250 and N44-DK-9-2309, all awarded by the National Institutes of 
Health. 

BACKGROUND OF THE INVENTION 
Field of the Invention - The present invention is in the field of magnetic 
10 susceptometers, especially those intended for use in ferromagnetic foreign body (FFB) 
detection as a safety measure prior to magnetic resonance imaging (MRI). 

Background Art - Ultra-sensitive magnetic susceptibility measurements are useful 
in a number of applications, including the measurement of iron concentrations in the liver 
and the detection of ferromagnetic foreign bodies in the eye and brain, and elsewhere in 
15 the body, prior to magnetic resonance imaging. In the magnetic susceptibility 
measurement, a magnetic field is applied to a specimen, and a magnetic sensor measures 
the change in magnetic field due to the magnetization induced in the specimen by the 
applied field. The main challenge in such measurements is not only that the magnetic 
field response of the sample is small in absolute terms, but that the response may be 
20 many orders of magnitude smaller than the magnetic field that is applied to the specimen. 
Measuring such a small response, in the presence of such a relatively large applied field, 
is especially difficult in a room-temperature instrument, because temperature fluctuations 
may distort the geometrical relationship between the magnets or coils that produce the 
applied magnetic field and the magnetic-field sensors that detect the response of the 
25 specimen. This geometrical distortion causes fluctuations in the measured magnetic 
field, which can mask the desired magnetic field response of the specimen. One way to 
minimize such temperature drifts is to modulate the distance or spatial relationship 
between the specimen and the instrument, modulating the magnetic susceptibility 
response of the specimen at a frequency that is relatively high compared with the 
30 typically slow time-scale of the temperature drifts. 
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An alternative approach in sensitive magnetic susceptibility measurements is to 
maintain a desired geometrical relationship between the magnetic-field source(s) and the 
magnetic-field sensors, so as to minimize fluctuations in the measured magnetic field. 
The required dimensional stability of the sensor unit is determined by the required 
resolution of the magnetic susceptibility measurement. Certain specific applications, 
such as detection of ferromagnetic foreign bodies prior to MRI imaging, require 
resolution of changes in magnetic field that are 10 7 or even 10 8 times smaller than the 
field applied to the specimen. In order to resolve signals 10 7 times smaller than the 
applied field, it would be necessary for all the relative dimensions of the sensor unit to 
remain constant to roughly one part in 10 7 . Some existing magnetic susceptometers, 
based upon superconducting quantum interference devices (SQUIDs), achieve the 
required stability by placing the magnetic field source or sources and magnetic field 
sensor or sensors in a liquid helium bath. With this approach, thermal expansion is not a 
problem because temperature fluctuations are controlled by the liquid-helium bath, and 
because the thermal expansion of most materials is essentially frozen out at liquid-helium 
temperatures. This geometrical stability, and not any intrinsic property of 
superconductors, may in fact be the single greatest advantage of working at liquid-helium 
temperatures. Achieving similar stability at room temperature is a significant problem. 

Even if the aforementioned problems can be solved, there are additional problems 
related to the use of magnetic susceptibility measurements in pre-MRI screening for 
FFBs, including masking of the magnetic susceptibility response of the FFB by magnetic 
susceptibility signals from tissues in the patient's head, and masking of the magnetic 
susceptibility response of the FFB by the very large response due to the magnetic 
susceptibility contrast between the body tissues and the surrounding air. Further, the 
computer equipment used in interpreting the signals measured by the magnetic 
susceptibility instrument can add to the cost of pre-MRI screening. 

BRIEF SUMMARY OF THE INVENTION 
The present disclosure describes several techniques which minimize the effects of 
temperature drift, without modulation of the sensor-sample distance, and without relying 


on phenomena or materials properties which occur only at cryogenic temperatures. A 
first step in maintaining this geometrical relationship is to combine the magnetic field 
source, or sources, and the magnetic sensor, or sensors, into a single, rigid unit, which 
will be called the source-sensor unit throughout the discussion below. 

The present invention achieves the stability and sensitivity required in high 
quality magnetic susceptibility measurements, and makes the high quality magnetic 
susceptibility measurements widely available, specifically concerning such 
measurements for pre-MRI screening, by the following means: 

1. Exploiting symmetry; 

2. Minimizing thermal stresses; 

3. Minimizing temperature variations; 

4. Using materials with low thermal expansion coefficients; 

5. Using eye movement to enhance the sensitivity of the instrument; 

6. Using a bag of deformable material to enhance the sensitivity of the 

instrument; and 

1. Using telemedicine to make the enhanced measurements widely available and 
to facilitate quality control in the interpretation of test results. 

The novel features of this invention, as well as the invention itself, will be best 
understood from the attached drawings, taken along with the following description, in 
which similar reference characters refer to similar parts, and in which: 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS 
Figure 1 is a schematic view of a source-sensor unit according to the present 

invention, with symmetrically disposed sensor coils; 

Figure 2 is a schematic view of a source-sensor unit according to the present 

invention, with symmetrically disposed sensor coils and a symmetrically disposed heat 

sink; 

Figure 3 is a perspective view of a source-sensor unit according to the present 
invention, with sensors sandwiched between parallel circuit board field coils; 


Figure 4A is a perspective view of a source-sensor unit according to the present 
invention, with a solid cylindrical coil form; 

Figure 4B is a perspective view of a source-sensor unit according to the present 
invention, with a thick walled cylindrical coil form; and 

Figure 5 is a schematic view of the apparatus of the present invention, employing 
a water bag. 


DETAILED DESCRIPTION OF THE INVENTION 

The features of several exemplary embodiments of the apparatus and methods of 
the present invention will now be described. 

Exploitin g symmetry in source-sensor unit config uration. One way to minimize 
the effects of thermal drifts in sensitive magnetic susceptibility measurements is to 
arrange the applied-field generating elements and magnetic sensors in a manner that (1) 
the signal due to the applied field is cancelled out and (2) the entire source-sensor unit is 
symmetrical, in such a way that the cancellation of the applied-field signal is preserved if 
the entire structure expands and contracts uniformly. 

One example of this concept is shown in Figure 1. In this preferred embodiment, 
the source-sensor unit 10 consists of an applied-field coil 12 and two identical sensor 
coils 14, co-axially wound on a single coil form 16, with the applied-field coil 12 
centered between the two sensor coils 14. The sensor coils 14 are connected in series 
opposition to form a first-order magnetic gradiometer. Since the sensor coils 14 are 
symmetrically disposed with respect to the applied-field coil 12, this gradiometer 
arrangement cancels the signal due to the applied field. This cancellation is maintained 
even if the source-sensor unit 10 expands or contracts, as long as the amount of 
expansion or contraction is the same throughout the structure, or is at least symmetrical 
with respect to the plane of mirror symmetry 18 of the coil set. As a result, the error due 
to an overall change in temperature, or a temperature change that is symmetrical with 
respect to the plane of mirror symmetry 18, is greatly reduced. 

As an alternative, the applied field coil and sensor coils can be built in such a 
manner that the source-sensor unit configuration may not be geometrically symmetrical, 


but, if the thermal expansion or contraction of the structure is uniform throughout, then 
the applied field signal cancellation is still maintained. 

In order to enhance the symmetry effect, it is desirable to maximize the thermal 
conductance between different parts of the structure, thus maintaining as much thermal 
uniformity as possible. It is also desirable to protect the source-sensor unit from ambient 
air currents, or to insulate it from ambient temperature changes, thus minimizing any 
thermal loads that may differ between different parts of the structure. It is desirable for 
any thermal links to the outside world, such as those required to remove the heat 
generated in the applied-field coil, to have the same symmetry as the source-sensor unit 
itself. An example of this concept is shown in the source-sensor unit 20 of Figure 2, 
where, as before, an applied-field coil 12 and two identical sensor coils 14 are co-axially 
wound on a single coil form 16, with the applied-field coil 12 centered between the two 
sensor coils 14. In this embodiment, however, two thermally conductive links 24 to a 
heat sink 22 are placed symmetrically with respect to the plane of mirror symmetry 18 of 
the coil set. This symmetrical arrangement ensures that even if the temperature of the 
source-sensor unit 20 changes, the temperature distribution will remain symmetrical with 
respect to the plane of mirror symmetry 18 of the source-sensor unit 20. The source- 
sensor unit 20 can also be encased in a thermally insulating enclosure 26. 

Figure 3 shows another embodiment of a source-sensor unit 30 which also uses 
symmetry to maintain cancellation of the applied field. One or more magnetic sensors 
(not shown in this view) are sandwiched between two printed circuit boards 32, 34. The 
central region of each circuit board 32, 34 contains a number of parallel, evenly spaced 
traces 36, 38 which are connected in series and carry identical currents. This 
arrangement approximates the effect of a uniform sheet of current in a region near the 
center of each board 32, 34, with return paths completing the circuit along both edges. 
The two circuit boards 32, 34 are connected in series, so that the currents are identical in 
both boards, and flow in the same direction. With this configuration of currents, the 
magnetic fields from the two circuit boards 32, 34 reinforce each other in the region just 
outside either board, but cancel each other in the region between the two circuit boards. 
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With this coil system, the applied field at the magnetic sensors is nulled by 
balancing the fields from two identical structures such as the two circuit boards 32, 34 in 
Figure 3, with identical thermal time constants, and identical ohmic heat loads. With this 
structure, although the overall temperature of the unit 30 may vary, the changes in 
temperature and the resulting thermal expansion or contraction will tend to be the same 
for both printed circuit boards 32, 34, so that the cancellation of the applied field at the 
magnetic sensors is preserved. 

In such a structure, it is acceptable for the overall temperature to fluctuate 
somewhat, as long as the whole system expands and contracts uniformly. This means 
that geometrical relationships are kept constant. If the field at the sensors is 10 3 times 
smaller than that in the sensed region, an overall expansion of the coil system of one part 
in 10 5 still will allow detection of signals 10 8 times smaller than the field applied to the 
sensed region. In copper, this amount of expansion corresponds to a temperature 
fluctuation of one-half of a kelvin degree, which is an easy temperature range to maintain 
over the short time that the pre-MRI measurement will take. 

The same principles of symmetry can be applied to various sensor designs, using 
a variety of geometries, using any type of magnetic sensor, whether the applied field is 
produced using permanent magnets, coils, or a combination of coils and magnetic 
materials. 

A similar effect can be obtained by using other embodiments. For instance, two 
or more applied field coils which are symmetrical in their thermal properties can be 
symmetrically arranged so that thermal expansion or contraction of the structure 
preserves the symmetry that maintains the cancellation of the magnetic field in a desired 
location. 

Minimizing thermal stresses. Differential expansion can create strains in the 
structure of the coil system. Such distortions can be minimized by balancing the thermal 
stresses. For example, if the field coils are put on printed circuit boards, it would be 
beneficial to put identical layers of metal, such as copper, on both sides of the board to 
balance out any stresses due to the differential expansion of the metal and the non- 
metallic substrate, such as fiberglass, of the printed circuit boards. 


In addition, thermal stresses may be minimized by making all parts of the coil 
structure, including the coils themselves and any supporting structures, of materials that 
have the same thermal expansion coefficients. For example, G-10 or FR-4 fiberglass 
and copper are materials with a reasonably good match of thermal expansion coefficients. 

One configuration which minimizes both temperature non-uniformity and thermal 
stresses is an applied-field coil constructed almost entirely of bars of rigid metal, such as 
copper, with only small insulating spacers to separate the different conductors in the coil. 
In this configuration, the high thermal conductivity of the metal bars would minimize 
temperature imbalances within the structure. In addition, thermal stresses are minimized 
by constructing the coil almost entirely of the same material. As a result, the basic shape 
of the coil is preserved, even if the overall temperature of the structure varies. If the coil 
is configured to cancel the magnetic field at a particular location, this field cancellation 
would be insensitive to variations in temperature. A low-drift magnetic susceptometer is 
then created by placing a magnetic sensor at the location of field cancellation. 

Minimizing temperature variations . In addition to making the source-sensor unit 
insensitive to temperature variations, one can also minimize thermal drifts by taking steps 
to minimize the temperature variations themselves. One method of minimizing 
temperature variations is to put the structure comprising the magnetic sensors and 
magnetic field sources into thermal contact with a sufficiently large thermal mass to 
ensure that any significant temperature variations occur on a time scale much longer than 
that required by the magnetic susceptibility measurement itself. The presence of a large 
thermal mass retards any temperature variations, so that they occur on a time-scale much 
slower than that of the desired magnetic susceptibility measurement. For example, in the 
type of sensor configuration shown in Figure 1, one way to provide a large thermal mass 
is to make the coil form 16 of considerable mass as a solid cylinder, or, alternatively, as a 
thick- walled hollow cylinder, as shown in Figures 4 A and 4B. In Figure 4 A, an applied 
field coil 12 and two sensor coils 14 are wound on a solid cylindrical coil form 16\ The 
applied field coil 12 and the sensor coils 14 can be copper wires set in grooves on the 
surface of the coil form 16'. In Figure 4B, an applied field coil 12 and two sensor coils 
14 are wound on a thick walled hollow cylindrical coil form 16". Here again, the 
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applied field coil 12 and the sensor coils 14 can be copper wires set in grooves on the 
surface of the coil form 16". 

In addition, temperature variations can be reduced by suitably insulating the 
source-sensor unit from ambient temperature variations and/or by shielding it from 
5 shifting air currents in the room. If the source-sensor unit is insulated in this manner, and 
if the applied magnetic field is produced using field coils, as opposed to a permanent 
magnet, it is necessary to remove the heat produced by ohmic losses in the field coils. 
One way to remove this heat, without introducing unwanted temperature variations, is to 
provide a thermal link to the outside world, and to provide a point external to the shield 
10 or insulation at which the temperature can be controlled, thereby minimizing temperature 
fluctuations in the source-sensor unit. Active feedback can be utilized to stabilize 
temperature fluctuations. Temperature stabilization can also be achieved by putting the 
M; thermal link in contact with a large thermal mass. 

q Another way to enhance temperature stability, and thereby to control the 

ft! 

|J5 15 temperature, is to put the source-sensor unit in thermal contact with an appropriate 
temperature-stabilizing chemical system, such as ice in water. A number of other 
\* temperature-stabilizing materials are also available, using various chemical and/or 

j\ physical phase transitions, such as butanol, or tertiary-butanol, or, alternatively, other 

W materials, or mixtures of materials. A recirculation system with a constant temperature 

jjg 20 feedback can also be employed in these configurations. 

[7 Using low-expansion material. Thermal drifts in the geometry of the source- 

sensor unit can be minimized by using materials with low thermal expansion coefficients 
in the structures that define the shapes, dimensions, and geometrical relationships of the 
applied-field source and the magnetic sensors. One preferred low-expansion material is 

25 quartz, which has a thermal expansion coefficient close to zero. Other preferred low- 
expansion materials are machinable glass-ceramic, such as MACOR™ ceramic material 
by Corning Glass Co., marble, sapphire, granite, or other suitable non-magnetic, 
electrically nonconducting materials with a low thermal expansion coefficient. These, or 
other available low-expansion materials, can be used in coil forms for the applied-field 

30 and sensor coils. Figures 4A and 4B show two sensor design embodiments in which this 
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strategy can be employed. Low-expansion materials can also be used in other structures, 
such as braces or struts defining the separation and relative positions of applied-field 
coils and magnetic sensors. 

In conjunction with the use of low thermal expansion materials, it is advantageous 
to provide a large thermal mass, as described above, to minimize temperature variations 
in the source-sensor unit. 

Certain low-expansion materials, including marble, are currently known as coil 
form materials for some magnetic susceptibility measurements. However, the use of any 
low thermal expansion material in constructing a source-sensor unit specifically for 
ferromagnetic foreign body detection as a pre-MRI screening instrument is not currently 
known. 

If the applied-field coils and sensor coils are made of a good electrical conductor, 
such as copper, the conductor will typically have a much higher thermal expansion 
coefficient than the low expansion materials listed above. In this case, it will be desirable 
to bond the conductor to the non-conductive substrate firmly, using as rigid a bonding 
material as possible. 

The design principles disclosed above can be used in combination with ac 
(alternating field) or dc (constant field) magnetic susceptibility measurements, using any 
combination of magnetic sensors, including, for example, induction coils, 
magnetoresistive sensors, giant magnetoresistance sensors, spin-dependent tunneling 
sensors, fluxgates, single-domain fluxgates, and generating the applied field using coils, 
permanent magnets or coils in combination with magnetically permeable material. 

Enhancing sensitivity by employing eye movements. A potential problem in 
ferromagnetic foreign body detection of the eye and orbit area in pre-MRI screening is 
that tissues in the patient's head produce their own weak magnetic susceptibility signal, 
which can mask the magnetic susceptibility response of the FFB. Eye movement can 
therefore be employed in the practice of the present invention to enhance sensitivity. By 
having the patient rotate his or her eyes, either randomly or in a controlled manner, 
modulating the orientation and/or location of the ferromagnetic foreign body is achieved. 
This changing orientation or position will modulate the magnetic susceptibility signal 
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from the FFB, without substantially changing the magnetic susceptibility response of the 
patient's body tissues. Since the globe of the eye is nearly spherical, eye rotation will not 
substantially change the magnetic susceptibility signal of the eye itself The eye may be 
rotated in one or two axes, such as with an up and down eye movement and/or a left and 
5 right eye movement, or in all fields of gaze within these axes, thus providing enhanced 
information about the particle location and orientation. If desired, repeatable eye 
rotations can be produced by having the patient focus on each of a series of spots or 
targets in turn, or having the patient track a target moving in a specific pattern. 

Using a water-bag to enhance sensitivity. One problem in sensitive magnetic 
10 susceptibility measurements on the human body is the very large response due to the 
magnetic susceptibility contrast between the body tissues and the surrounding air. This 
signal varies according to the shape of the body, and this variation can mask subtle 
M, changes in the magnetic susceptibility response due to variations in the magnetic 

S susceptibility of the tissues, or, if applicable, the presence of small ferromagnetic foreign 

15 bodies. One method to reduce the magnetic susceptibility contrast problem is to insert a 
deformable water bag between the patient and the sensing apparatus. 

In the traditional water bag method, as commonly employed with SQUID sensor 
apparati, the sensing instrument is initially pressed against the patient's body. The 
patient is then moved away from the sensing apparatus, and the water bag is continuously 
20 supplied with water, such that the space between the sensing apparatus and the patient is 
filled with water at all times. With this method, the patient's body is, in effect, replaced 
by water throughout the field of view of the instrument, and the resulting change in 
magnetic susceptibility signal is due only to the difference in magnetic susceptibility 
between the body and water. In essence, the traditional water bag method eliminates the 
25 magnetic susceptibility signal due to the large susceptibility contrast between the water- 
like tissues of the body and the surrounding air. 

Use of the water bag 40 in the practice of the present invention, as shown in 
Figure 5, does not eliminate this air- water magnetic susceptibility contrast, but rather 
replaces the varying shapes of the body surface with an air-water interface of constant 
30 shape defined by a rigid, fixed barrier 42, between the water bag 40 and the source- 
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sensor unit 44. This water bag method is very useful as a preferred embodiment when 
the magnetic susceptometers described above are employed in pre-MRI screening of the 
eye, the orbit, or the brain. The bag 40 can contain water, a water solution, a gel, or 
another suitable deformable material. 

Using telemedicine to implement the enhanced measurements. Telemedicine can 
also be employed in the practice of the present invention, specifically to centralize the 
computer equipment with the required computational capability, thereby making the 
enhanced measurements widely available and facilitating quality control in the 
interpretation of test results. The preferred vehicle for said telemedicine is the Internet. 
Artificial intelligence modalities, including neural net and other expert systems, can also 
be employed, providing instantaneous autointerpretation of test results. Provision is 
made for real-time interactive feedback between the remote test instrument and a central 
computer processing station, thereby helping to ensure patient cooperation and reliable 
data acquisition. 

While the present invention is fully disclosed herein, it is to be understood that 
this disclosure is merely illustrative of the presently preferred embodiments of the 
invention and that no limitations are intended other than as described in the appended 
claims. 
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